Iron plays a key role in Parkinson's disease (PD). Increased iron content of the substantia nigra (SN) has been found in PD patients, and divalent metal transporter 1 (DMT1) has been shown to be up-regulated in the SN of both MPTP-induced PD models and PD patients. However, the mechanisms underlying DMT1 up-regulation are largely unknown. In the present study, we observed that in the SN of 6-hydroxydopamine (6-OHDA)-induced PD rats, DMT1 with the iron responsive element (IRE, DMT1+IRE), but not DMT1 without IRE (DMT1−IRE), was upregulated, suggesting that increased DMT1+IRE expression might account for nigral iron accumulation in PD rats. This possibility was further assessed in an in vitro study using 6-OHDA-treated and DMT1+IRE-over-expressing MES23.5 cells. 
Introduction
Recently, increasing evidence suggests that iron plays a key role in Parkinson's disease (PD). Increased iron content has been observed in the substantia nigra (SN) of PD patients, as well as in 6-hydroxydopamine (6-OHDA) and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced PD animal models [1] [2] [3] [4] [5] [6] [7] [8] [9] . A recent study showed that iron accumulates in individual dopaminergic neurons prior to their degeneration [10] . This finding supports the idea that iron accumulation is one of the primary events leading to the degeneration, if not the subsequent death, of dopaminergic neurons. However, the precise mechanism underlying abnormal iron accumulation in the dopaminergic neurons of the SN in PD has not been fully elucidated.
Divalent metal transporter 1 (DMT1), also known as natural resistance associated macrophage protein 2 (Nramp2), is a widely expressed transmembrane protein.
Depending on the presence or absence of the iron response element (IRE) at its 3′-untranslated region (UTR), DMT1 mRNA encodes two proteins differing at their C-termini, DMT1 with IRE (+IRE) and DMT1 without IRE (−IRE). Until now, DMT1 is thought to be one of DMT1 in 6-OHDA-induced iron accumulation 346 npg the endogenous transporters of ferrous iron. A more recent study revealed that DMT1 is up-regulated in the SN of both MPTP-induced PD models and PD patients [6] , which is consistent with our previous findings that increased DMT1 expression accounts for the increased ferrous iron influx in 6-OHDA-and 1-methyl-4-phenylpyridinium (MPP + )-treated cells [11, 12] . These findings suggest that DMT1 might at least partially account for the iron accumulation in the SN in PD. However, these studies provided no direct evidence as to the mechanisms underlying DMT1 up-regulation. In discussing the results, Salazar et al. [6] assumed that MPTP-associated inhibition of mitochondrial complex I resulted in increased levels of reactive oxygen and nitrogen species as well as ATP depletion, and that these two events could augment the binding activity of iron regulatory proteins (IRPs) controlling the expression of DMT1+IRE. In support of this hypothesis, the authors cited our recent finding that MPP + was sufficient to increase DMT1 expression and iron uptake in MES23.5 cells [12] . Both MPTP and 6-OHDA are classical neurotoxins for modeling PD; 6-OHDA induces specific damage via oxidative stress and MPTP is a mitochondrial complex I inhibitor. However, our data showed that MPP + -induced DMT1 up-regulation occurred in an IRE/IRP-independent manner. Therefore, it is worth clarifying whether IRE/IRP is involved in the observed 6-OHDA-induced DMT1 upregulation.
In the present study, we show that DMT1+IRE upregulation in 6-OHDA-induced PD models occurs in an IRE/IRP-dependent manner and that it is initiated by 6-OHDA-induced intracellular oxidative stress. This effect could be fully abolished by treatment with the antioxidant N-acetyl-l-cysteine (NAC). We present direct evidence for the mechanisms underlying DMT1 up-regulation in PD. Our results tentatively support the Figure 1 Iron content and DMT1 expression in the SN of normal and 6-OHDA lesioned rats. Both the number of iron-positive cells and the expression of DMT1+IRE were increased in the lesioned SN of 6-OHDA-induced PD rats. (A) Iron staining was applied to detect iron content. In the SN of the control group, there were a few small and round iron-positive cells. The number of iron-positive cells was significantly increased in the SN of 6-OHDA-lesioned rats. Scale bar = 50 µm. (B) Statistical analysis. Data are presented as the average number of positive cells in different fields. *P < 0.01, compared with control. (C) Western blotting was applied to detect both forms of DMT1 expression. Increased expression of DMT1+IRE, rather than DMT1−IRE, was observed in 6-OHDA-lesioned rats. β-Actin was used as a loading control. (D) Statistical analysis. Data are presented as the ratio of DMT1+IRE or DMT1−IRE to β-actin. Each bar represents the mean ± S.E.M. of six independent experiments. *P < 0.05, compared with control. administration of antioxidants in the treatment of PD as a means of inhibiting iron accumulation through regulation of IRPs and DMT1 expression.
Results

The number of iron-positive cells in the SN increased in 6-OHDA-induced PD rats
Using Perl's iron staining, we observed iron-positive cells in the SN of 6-OHDA-induced PD rats and control animals. In the SN of control animals, there were a few iron-positive cells with small, round and glial-like morphologies. The number of iron-positive cells was significantly increased in the lesioned SN of 6-OHDA-induced PD rats ( Figure 1A and 1B), indicating increased iron content in this region after 6-OHDA treatment.
DMT1+IRE, but not DMT1−IRE, expression was upregulated in vivo in the lesioned SN of 6-OHDA-induced PD rats
To determine the reason for the increased iron content in 6-OHDA-induced PD rats, we investigated changes in DMT1±IRE expression in lesioned SN using western blotting and real-time PCR. The expression of DMT1+IRE mRNA and protein on the lesioned sides of 6-OHDA PD rats was increased significantly compared with that on the unlesioned sides and in the control. However, there were no changes observed in DMT1−IRE expression (Table 1 ; Figure 1C and 1D).
6-OHDA-induced up-regulation of DMT1+IRE, rather than DMT1−IRE, in vitro was responsible for increased iron influx in MES23.5 cells
We next examined the expression of DMT1±IRE in 6-OHDA-treated MES23.5 cells in vitro. To avoid the influence of cell loss, incubation with 10 µmol/L 6-OHDA for 24 h was employed. Similar to the results obtained in the in vivo experiments, DMT1+IRE, but not DMT1−IRE, was up-regulated both at the mRNA and at the protein levels in 6-OHDA-treated MES23.5 cells (Table 1 ; Figure 2A and 2B). No changes were observed in cells that were only treated with the 2 µg/mL ascorbic acid solvent (data not shown). We also observed the ferrous iron influx process of these cells. When cells were perfused with 1 mmol/L ferrous iron, there was a significant decrease in the fluorescence intensity of 6-OHDAtreated cells compared with that of control cells ( Figure  2C ), indicating that cells treated with 6-OHDA had increased ferrous iron uptake. To verify that this process is mediated by DMT1, we next examined whether over-expression of DMT1 in MES23.5 cells resulted in increased ferrous iron influx. We generated a stable cell line by transfection with pcDNA3.1-DMT1+IRE. In these cells, there was a 2.09-fold increase in the DMT1 protein level compared with cells transfected with pcDNA3.1 blank plasmid ( Figure 3A and 3B). When perfused with 1 mmol/L ferrous iron, cells with DMT1+IRE over-expression showed a more rapid decrease in fluorescence intensity than control cells ( Figure 3C ). Taken together, these results indicate that 6-OHDA-induced up-regulation of DMT1+IRE in MES23.5 cells in vitro was responsible for increased iron influx.
Enhanced iron influx induced further reduction in mitochondrial transmembrane potential (ΔΨm) and reactive oxygen species (ROS) generation in MES23.5 cells with DMT1 over-expression
Increased expression of DMT1+IRE leads to increased intracellular iron content when the cells are incubated with iron. Iron, which is capable of catalyzing the production of H 2 O 2 and forming highly reactive hydroxyl radicals that result in mitochondrial dysfunction and oxidative damage, plays a key role in oxidative stress. To evaluate intracellular oxidative stress, we measured ∆Ψm and ROS production. Transfection of cells with pcD-NA3.1 or pcDNA3.1-DMT1+IRE had no effect on ∆Ψm and did not alter basal ROS production (data not shown). Most of the cells in the pcDNA3.1 group appeared in the high Rh123 fluorescence field, which is indicative of intact, viable cells with high ∆Ψm. When these cells were treated with 100 µmol/L ferrous iron, there was a 15.32% reduction in Rh123-positive cells, indicating mitochondrial dysfunction. In cells of the pcDNA3.1-DMT1+IRE group, there was a significant 42.93% decrease in ∆Ψm with ferrous iron incubation ( Figure 4A and 4C). Since ∆Ψm disruption is involved in ROS production, we also measured ROS production in cells with DMT1 overexpression and in control cells, using a fluorescencesensitive probe, carboxy-H 2 DCFDA. MES23.5 cells over-expressing DMT1+IRE showed a significant 68% increase in ROS generation with ferrous iron incubation, while cells in the pcDNA3.1 group showed only a 26.12% increase ( Figure 4B npg that increased DMT1+IRE expression could aggravate iron-induced oxidative stress. Pretreatment with the iron chelator desferrioxamine mesylate (DFO) fully abolished the ∆Ψm reduction and ROS generation induced by iron. DFO treatment alone had no effect on ∆Ψm or ROS (data not shown) [12] .
Up-regulation of DMT1+IRE was IRE/IRP dependent
Since the main difference between DMT1+IRE and DMT1−IRE proteins is the presence or absence of IRE in the 3′-UTR of their mRNAs, we surmised that 6-OHDAinduced differential regulation of DMT1 might be due to this IRE. Therefore, we investigated the expression of IRPs, IRE-binding proteins, in 6-OHDA-treated MES23.5 cells. IRP1 and IRP2 are the main proteins that register cytosolic iron concentration and posttranscriptionally regulate the expression of genes related to iron metabolism. As expected, IRP1 and IRP2 protein levels were increased 1.41 fold and 1.4 fold, respectively, in 6-OHDA-treated MES23.5 cells ( Figure 5A and 5B). The expression of transferrin receptor 1 (TfR1), which is tightly regulated by the IRP-IRE system, was found increased by 2.098 ± 0.07-fold (P < 0.05), further confirming the increased IRP binding activity with IRE. To further confirm the roles of IRP1 and IRP2 in 6-OH-DA-induced DMT1+IRE up-regulation, we constructed small interfering RNA (siRNA) expression vectors for silencing IRP1 or IRP2 expression. With RNA interference, IRP1 expression level was significantly reduced, to 29% of control, and IRP2 expression level was reduced to 35% of control ( Figure 6A and 6B). When MES23.5 cells with IRP knockdown were treated with 6-OHDA, or IRP2 to β-actin. Each bar represents the mean ± S.E.M of six independent experiments. *P < 0.05, compared with control. Real-time PCR and western blotting were used to detect DMT1+IRE mRNA (C) and protein (E) expression in MES23.5 cells. Decreased expression of DMT1+IRE was observed in MES23.5 cells with IRP1 or IRP2 RNA interference. DMT1+IRE mRNA and protein levels were up-regulated with 6-OHDA treatment in control, pSilencer, pSilencer-IRP1 and pSilencer-IRP2 groups. However, less up-regulation of DMT1+IRE was observed in pSilencer-IRP1 and pSilencer-IRP2 groups compared with the pSilencer group (D, F). *P < 0.05, compared with control. † P < 0.05, compared with the pSilencer group without 6-OHDA treatment.
‡ P < 0.05, compared with the pSilencer-IRP1 group without 6-OHDA treatment.
§ P < 0.05, compared with the pSilencer-IRP2 group without 6-OHDA treatment.
¶ P < 0.05, compared with the pSilencer group. npg the up-regulation of DMT1+IRE by 6-OHDA was partially reversed, as shown by both real-time PCR and western blotting ( Figure 6C-6F ). The vacant vector had no effect on DMT1+IRE expression either in control or in 6-OHDA-treated cells. However, in control cells, silencing of IRP1 or IRP2 resulted in a relatively small down-regulation of DMT1+IRE, likely because (according to the IRE/IRP theory) the low levels of intracellular IRPs exert a direct post-transcriptional regulation on DMT1 expression. This is further confirmed by the finding that MES23.5 cells with IRP1 over-expression showed increased DMT1+IRE expression (Figure 7) . The results indicate that IRPs were involved in the 6-OHDAinduced up-regulation of DMT1+IRE in MES23.5 cells.
Up-regulation of IRPs was initiated by 6-OHDA-induced oxidative stress
Our next experimental goal was to determine the cause of IRP up-regulation in 6-OHDA-treated cells. Oxidative stress is involved in the up-regulation of both IRP1 and IRP2 [13] [14] [15] [16] ; this was further confirmed by the report that the ROS scavengers NAC and ascorbate could attenuate IRP2 up-regulation [17] . Therefore, we hypothesized that up-regulation of IRP1 and/or IRP2 might be initiated by intracellular oxidative stress. To test this hypothesis, changes in intracellular ROS levels upon 6-OHDA treatment in MES23.5 were quantified using flow cytometry. A significantly increased level of ROS was observed in these cells. However, pretreatment with NAC could fully abolish 6-OHDA-induced ROS increase (Figure 8 ). Furthermore, both IRP1 and IRP2 expression returned to the basal level in 6-OHDA-treated MES23.5 cells with NAC pretreatment (Figure 5 ). This indicated that IRPs were up-regulated by 6-OHDA-induced ROS formation.
Discussion
In this study, we demonstrated the following: first, DMT1+IRE, but not DMT1−IRE, was up-regulated in vivo in the SN of 6-OHDA-induced PD rats, which was accompanied by increased iron staining in this region. Second, DMT1+IRE was up-regulated in vitro in 6-OHDA-treated MES23.5 cells, which accounted for DMT1 in 6-OHDA-induced iron accumulation 352 npg the increased ferrous iron influx. Over-expression of DMT1 caused increased iron influx, resulting in damaged mitochondrial function and increased ROS generation and leading to aggravated oxidative stress. Third, DMT1+IRE up-regulation occurred in an IRE/IRP-dependent manner and was initiated by 6-OHDA-induced oxidative stress.
6-OHDA lesioning is a well-established method for preparation of PD animal models [18] [19] [20] . 6-OHDAtreated animals exhibit the major hallmarks of PD, including loss of dopaminergic neurons in the SN. In the present study, we observed increased iron levels in the SN of PD models where dopaminergic neuronal degeneration was found, in accordance with our previous studies as well as with those of others [7, 21, 22] . Ferrous iron is harmful to cells because of its ability to react with hydrogen peroxide to form highly reactive hydroxyl radicals. At present, one of the iron transporters that contribute to ferrous iron transport is DMT1; therefore, we investigated its expression in vivo in 6-OHDA-induced PD rats. DMT1+IRE, but not DMT1−IRE, was up-regulated in affected SN where iron deposit was observed. Our previous studies showed that iron accumulation can cause down-regulation of DMT1 [11] . Therefore, 6-OHDA-induced DMT1 up-regulation might be the primary cause, not a secondary event, of the iron accumulation observed in PD rats. To further elucidate the underlying mechanisms, MES23.5 cells, which possess at least three neuronal features, namely, tyrosine hydroxylase expression, dopamine synthesis system, and omega-conotoxin receptor expression, were used in vitro [23] . Since these cells exhibit several properties similar to those of primary neurons of the SN, the results from this cell line can provide direct evidence correlating with the degeneration of dopaminergic neurons in PD. Similar to the results of our in vivo study, DMT1+IRE was up-regulated in 6-OHDA-treated MES23.5 cells, followed by increased ferrous iron influx. This was further confirmed by results in MES23.5 cells over-expressing DMT1+IRE. As we have shown, the increased intracellular iron caused by the over-expression of DMT1+IRE increased ROS generation and decreased ∆Ψm and both changes could be fully suppressed by the iron chelator DFO. These results are consistent with results from our in vivo studies showing that DFO could prevent the progressive loss of dopaminergic neurons [24] , and are also supported by other evidence indicating that administration of the iron chelators DFO and VK-28 to 6-OHDA-treated rats can prevent the neurotoxic action of this compound and exert significant neuroprotective effects [8, 25] , which may be a consequence of chelation of the increased intracellular iron induced by 6-OHDA. These results indicate that DMT1+IRE might be involved in selective iron accumulation in the SN of PD.
I n t e r e s t i n g l y, w e o b s e r v e d u p -r e g u l a t i o n o f DMT1+IRE, but not DMT1-IRE, mRNA and protein levels in 6-OHDA-treated rats and MES23.5 cells. The main difference between DMT1+IRE and DMT1−IRE is that DMT1+IRE contains IRE in the 3′-UTR of its mRNA, while DMT1−IRE does not. IRE is known to be a binding site for IRPs, which can sense intracellular iron status and participate in the maintenance of cellular iron homeostasis. IRP binding to IRE could post-transcriptionally regulate the expression of some genes involved in iron metabolism. In mammalian cells, IRP1 maintains its ability to function as an aconitase, whereas IRP2 is the chief physiological iron sensor. Under certain circumstances, IRPs can be activated by certain agents [13, 14, 26] . Depending on the site of IRE (whether in 5′-or 3′-UTR), IRP binding to IRE could repress mRNA translation or increase mRNA stability. In the present study, increased expression of IRP1 and IRP2 was observed after 6-OHDA treatment, which might, according to the IRE/ IRP theory, bind to the IRE in the 3′-UTR of DMT1+IRE mRNA and increase its stability. TfR1, which has an IRE in the 3′-UTR similar to DMT1+IRE, was also upregulated, further supporting the increased IRP-binding activity with IRE. The function of IRE in the DMT1+IRE mRNA was further confirmed by our observation that IRP knockdown could lower DMT1+IRE level in both control and 6-OHDA-treated cells. On the other hand, IRP1 over-expression caused increased DMT1+IRE expression in MES23.5 cells. The absence of IRE in the DMT1−IRE form can account for its unchanged expression after 6-OHDA treatment. These observations suggest that a functional IRE exists in DMT1+IRE mRNA and are consistent with results of other studies suggesting that IRPs can regulate the expression levels of DMT1 mRNA and protein [27] [28] [29] . However, it is difficult to tell which of the two IRPs is primarily involved in DMT1 regulation according to our present data. Further work is necessary to sort this out in the future.
6-OHDA was highly effective in vitro in releasing iron from its binding sites ferritin [30] . However, increased intracellular iron would lead to the degradation of IRP2 and alternate IRP1 to cytosolic aconitase. Therefore, other mechanisms must be involved in 6-OHDA-induced up-regulation of IRPs. 6-OHDA, once dissolved in an aerobic and alkaline milieu, readily oxidizes [31, 32] , and it has been reported that 6-OHDA can exert extracellular toxic effects because of its extracellular auto-oxidation [33, 34] . The oxidative products of 6-OHDA can then further initiate intracellular oxidative stress, which might be a key mediator of neurodegeneration in PD. Oxidative , not yet fully elucidated pathways [13, 17, 35] . In the present study, the antioxidant NAC fully prevented ROS generation induced by 6-OHDA and the subsequent activation of IRPs, further supporting the participation of oxidative stress in IRP activation. However, there are other mechanisms by which NAC could directly down-regulate the expression of IRPs by promoting proteasomal degradation [36] . Taken together, our results suggest that 6-OHDA-induced upregulation of DMT1+IRE is likely to be due to the activation of IRPs by 6-OHDA-induced oxidative stress.
Our experiments demonstrated that 6-OHDA-induced iron accumulation occurred following the up-regulation of DMT1+IRE by IRP activation induced by oxidative stress. In such a cycle, the products of oxidative stress would result in a positive feedback, ultimately causing cell death. Our experiment also suggested that DMT1, especially the +IRE form, might be involved in the neurotoxicity of 6-OHDA. From a novel perspective, this study provides direct evidence for DMT1 up-regulation and supports the administration of anti-oxidants in the treatment of PD as a means of inhibiting iron accumulation through regulation of IRPs and DMT1 expression.
Materials and Methods
Materials
All procedures were carried out in accordance with the NIH Guide for the Care and Use of Laboratory Animals and the Guidelines for the Use of Animals in Neuroscience Research. Female Wistar rats weighing 200-220 g were given free access to food and water and kept in a 12 h light/dark cycle. 6-OHDA, DFO, apomorphine, FeSO 4 ·7H 2 O, NAC and Rhodamine123 (Rh123) were from Sigma Chemical Co. (St Louis, MO, USA). Primary antibodies against DMT1±IRE, IRP1 and IRP2 were from ADI (San Antonio, TX, USA). Carboxy-H 2 DCFDA and calcein-AM were from Molecular Probes (Molecular Probes Inc., Carlsbad, CA, USA). Dulbecco's modified Eagle's medium Nutrient Mixture-F12 [37] (DMEM/F12) was from Gibco (Grand Island, NY, USA). Lipofectamine TM 2000 was from Invitrogen (CA, USA); pSilencerTM-1.0-U6 vector was from Ambion (Austin, TX, USA). pCMV6-AC-ACO1 (IRP1) was from Origen (Beijing, China). All other chemicals and regents were of the highest grade available from local commercial sources.
6-OHDA lesions and rotational behavior tests
6-OHDA lesions were performed as previously described [7, [38] [39] [40] . Briefly, rats were anesthetized with chloral hydrate (400 mg/kg, i.p.) and mounted onto a stereotaxic frame. One burr hole (2.5 mm diameter) was drilled into the skull above the region of the left medial forebrain bundle (MFB), according to the coordinates of Paxinos and Watson. Two microinjections of 6-OHDA (3.6 mg/mL dissolved in saline containing 0.2 mg/mL l-ascorbate) were made into the left MFB: (1) TB -2.3 mm; AP -4.4 mm; ML 1.2 mm; V 7.8 mm and (2) TB + 3.4 mm; AP -4.0 mm; ML 0.8 mm; V 8.0 mm. Volumes of 2.5 and 3.0 µL of 6-OHDA, respectively, were microinjected into these sites at a rate of 1.0 µL/min. After the injection, the microinjection needle was left in place for a further 5 min before being slowly extracted.
Fourteen days after 6-OHDA injection, rats were tested for rotational behavior with apomorphine (0.05 mg/kg, s.c.) in 'rotameter' bowls for 60 min. Rotational behavior was tested 3 times at intervals of 2 weeks. Rats reaching a level of at least 7 rotations/min were regarded as PD model rats. Control animals received injections of saline containing 0.2 mg/mL l-ascorbate.
Iron staining by Perls' Prussian blue reaction
Perls' Prussian blue staining was performed as previously described [37] . Rats were deeply anesthetized (8% chloral hydrate, i.p.) and transcardially perfused with normal saline and 4% paraformaldehyde in 0.1 mol/L phosphate-buffered saline (PBS, pH 7.4). Brain blocks containing the SN were sectioned coronally at 20 µm on a freezing microtome (Leica). The sections were mounted on polylysine-coated slides and washed with 0.01 mol/L PBS, fixed in 4% paraformaldehyde for 5 min, and washed for 30 s in Milli-Q water prior to staining. Sections were immersed for 30 min in a freshly prepared solution of one part 2% HCl and one part 2% potassium ferrocyanide, followed by three washes with PBS. Negative control sections were prepared in which the HCl and potassium ferrocyanide solutions were omitted. The sections were then immersed in 99% methanol and 1% hydrogen peroxide for 20 min to eliminate endogenous peroxidase activity. The DAB reaction product was observed under an Olympus microscope. All incubations and washes were performed in polypropylene troughs that had been washed in 10% HCl (< 0.02 ppm Fe) overnight and rinsed in Milli-Q water. One section was chosen from every three sections throughout the SNpc per brain. Sections were focused using an 20× objective lens (Olympus) and the images were captured by a video camera (Olympus) at a final magnification of 200×. We took four images from one section and the positive cells were calculated at an average owing to there being not too many positive cells. An average number of positive cells throughout the entire rostrocaudal extent of the SNpc was shown [41] .
Total RNA extraction and quantitative PCR
Total RNA was isolated from the SN of the PD rats using Trizol Reagent (Invitrogen) according to the manufacturer's instructions. Then 2 µg total RNA was reverse transcribed in a 20 µL reaction using a reverse-transcription system (Promega). Quantitative PCR was employed to detect changes in DMT1±IRE and TfR1. TaqMan probe and primers were designed using the default settings of Primer Express 2.0 (PE Applied Biosystems). Each set of primers was used with a TaqMan probe labeled at the 5′-end with 6-carboxyfluorescein (FAM) reporter dye and at the 3′-end with 6-carboxy-tetramethylrhodamine (TAMRA) quencher dye. The following primers and probes were employed for DMT1+IRE, DMT1−IRE and TfR1: DMT1+IRE forward 5′-TGG CTG TCA CGA GTG CTT ACA-3′, reverse 5′-CCA TGG CCT TGG ACA GCT ATT-3′, and probe 5′-TTA CCC TGT AGC ATT AGG CAG CAC C-3′; DMT1−IRE forward 5′-AAG CCC TTT TGT GCC AAG TGT-3′, reverse 5′-ACC CAT TCA CAG CCG TTA GCT-3′, and probe 5′-CAA ATG TTT TGA ACC AAG GCG AAG A-3′; TfR1 forward 5′-GGG CAC TAG ATT GGA TAC CTA TGA G-3′, reverse 5′-GGT TCA ATT CAA CGT CAT GGG TAA G-3′, and probe 5′-CCA CTT CCG CTG CTG TAC GAA CCA T-3′. Rat npg GAPDH gene was used as the reference: forward 5′-CCC CCA ATG TAT CCG TTG TG-3′, reverse 5′-GTA GCC CAG GAT GCC CTT TAG T-3′, and probe 5′-TCT GAC ATG CCG CCT GGA GAA ACC-3′. Reactions were carried out in an ABI PRISM ® 7500 Sequence Detection System using the relative quantification option of the SDS1.2.1 software (Applied Biosystems). Each reaction was run in triplicate with 2 µL sample in a total volume of 20 µL with primers and probes to a final concentration of 0.25 µmol/L. A passive reference dye, ROX II, was used to normalize the reporter signal. Amplification and detection were performed with the following conditions: an initial hold at 95 °C for 10 s, followed by 40 cycles at 95 °C for 5 s and 60 °C for 45 s.
Western blotting analysis
SN from brains of the PD rats were digested with RIPA lysis buffer (50 mmol/L Tris-HCl, 150 mmol/L NaCl, 1% Nonidet-40, 0.5% sodium deoxycholate, 1 mmol/L EDTA, 1 mmol/L PMSF) with protease inhibitors (pepstatin 1 µg/mL, aprotinin 1 µg/mL, leupeptin 1 µg/mL) for 30 min and the protein concentration was determined using the Bradford assay kit (Bio-Rad Laboratories, Hercules, CA, USA). Eighty micrograms of total protein from each sample was separated using 10% SDS-polyacrylamide gels and transferred to PVDF membranes. After overnight blocking with 4% non-fat milk at 4 °C, the membranes were incubated with rabbit-anti-rat DMT1+IRE, DMT1−IRE, IRP1 or IRP2 antibodies (1:2 000) for 1 h at room temperature. Anti-rabbit secondary antibody conjugated to horseradish peroxidase (Amersham Biosciences, England) was used at 1:2 500. Blots were also probed with anti-β-actin monoclonal antibody (Sigma, 1:10 000) as a loading control. Cross-reactivity was visualized using ECL Western blotting detection reagents and analyzed by scanning densitometry using a Tanon Image System (Tanon, Shanghai, China).
Cell culture
MES23.5 cells, a gift from Dr Weidong Le (Baylor College of Medicine, TX, USA), were maintained at 37 °C in a 95% air/5% CO 2 humidified atmosphere in polylysine-precoated T-25 flasks in DMEM/F12 containing Sato's components and 5% heatinactivated FBS. For experiments, cells were seeded at a density of 1 × 10 5 /cm 2 in plastic flasks or on glass coverslips. After treatment with 10 µmol/L 6-OHDA (dissolved in saline containing 2 µg/mL ascorbic acid) for 24 h, total RNA and protein were extracted and the expression of DMT1±IRE at the mRNA and protein levels was determined as described above. NAC (0.5 mmol/L) was added 30 min prior to 6-OHDA treatment.
Calcein loading of cells and ferrous iron influx assay
Ferrous iron influx into MES23.5 cells was determined by measuring the quenching of calcein fluorescence as previously described [11, 12, [42] [43] [44] . Cells were seeded onto coverslips and grown in serum-free medium with 6-OHDA (10 µmol/L) for 24 h. They were then incubated with calcein-AM (0.5 µmol/L final concentration) in HEPES-buffered saline (HBS, 10 mmol/L HEP-ES, 150 mmol/L NaCl, pH 7.4) for 30 min at 37 °C. The excess calcein on the cell surface was washed off three times with HBS. The coverslips were then mounted in a perfused chamber. Calcein fluorescence was recorded at 488 nm excitation and 525 nm emission wavelengths and fluorescence intensity was measured every 3 min for 10 times while perfusing with 1 mmol/L ferrous iron (ferrous sulfate in ascorbic acid solution, 1:44 molar ratio, pH 6.0), prepared immediately prior to the experiment. Ascorbic acid maintained the reduced status of ferrous iron. The mean fluorescence signal of 35-40 single cells in four separate fields was monitored at ×20 magnification and processed using Fluoview 5.0 software.
Construction of recombinant vector pcDNA3.1-DMT1+IRE and selection of stable recombinant cell lines
The full-length human DMT1+IRE sequence was inserted into a stable mammalian vector pcDNA3.1 (Invitrogen) containing the markers of ampR for selection in bacterial cells, neoR for selection and a CMV promoter for expression in mammalian cells. For cloning the full-length DMT1+IRE gene from frozen tissues of human duodenum, PCR was conducted (forward 5′-AAG GTA CCA CCA TGG TGC TGG GTC CTG-3′, reverse 5′-CAC AAA GAT ACC AAA TGA CAC ACT TTT CGA AGC-3′); the 1772-bp PCR fragment was cut with restriction enzymes KpnI and EcoR V and inserted into the PMD18-T simple vector (Takara) for cloning and sequencing. The digested fragment DMT1+IRE was inserted into the pcDNA3.1 vector to form the construct denoted pcDNA3.1-DMT1+IRE. For large-scale plasmid DNA preparations, the plasmid was transformed into E. coli JM109 and the bacteria were grown in culture medium supplemented with ampicillin. The plasmid was extracted and constructs verified by restriction at multiple cloning sites. MES23.5 cells were seeded in six-well plates; at 80-90% confluence, and cells were transfected with pcDNA3.1-DMT1+IRE using Lipofectamine™ 2000 reagent according to the manufacturer's instructions. Forty-eight hours later, growth medium was replaced with medium containing 700 µg/mL G418. MES23.5 cells were also transfected with pcDNA3.1 blank plasmid as the control. After 12-14 days, G418-resistant clones were selected, clonally isolated and screened further for mRNA and protein expression. Stable cell lines with over-expression of DMT1 were used for iron influx assays as described above.
Flow cytometric measurement of ΔΨm and ROS
Changes in the ∆Ψm and levels of intracellular ROS with iron treatment of MES23.5 were measured using flow cytometry with Rh123 or carboxy-H 2 DCFDA dye, as previously described [12, 45, 46] . Cells transfected with pcDNA3.1 or pcDNA3.1-DMT1+IRE were incubated in 100 µmol/L ferrous iron (pH 6.0) for 4 h. After cells were washed with HBS three times, carboxy-H 2 DCFDA (5 µmol/L) was added and incubation was performed for 30 min at 37 °C. Cells were washed twice with HBS, followed by centrifugation at 800 rpm for 5 min, and re-suspended in 1 mL HBS. To further confirm that the intracellular oxidative damage was due to high iron levels, cells were pretreated with iron chelator-1 mmol/ L DFO for 3 h before ferrous iron incubation. Intracellular ROS generation was also assayed in 6-OHDA-treated MES23.5 cells. Fluorescent intensity was recorded at 488 nm excitation and 525 nm emission wavelengths (Fluorescence 1, FL1 ). Results were demonstrated as FL1-H (Fluorescence 1-Histogram), setting the gated region M1 and M2 as a marker to observe the changing levels of fluorescence intensity using Cellquest Software. NAs for IRP1 and IRP2 were taken from GenBank accession No. NM_017321 (nucleotides 1 297-1 315 or 2 055-2 073 from the start codon) and NM_022863 (nucleotides 1 679-1 697 or 1 739-1 757 from the start codon), respectively. Annealed oligonucleotides containing the 9-nt spacer and five Ts were inserted into the pSilencer TM 1.0-U6 vector digested with ApaI and EcoRI according to the manufacturer's instructions. MES23.5 cells were transfected using pSilencer TM 1.0-U6-IRP1 or pSilencer TM 1.0-U6-IRP2 as described above and harvested after 48 h. MES23.5 cells were also transfected with pSilencer TM 1.0-U6 blank plasmid as a control. Sequences 1 297-1 315 bases from the start codon for IRP1 and 1 679-1 697 from the start codon for IRP2 were chosen for optimal interfering efficiency. MES23.5 cells were also transfected with pCMV6-AC-ACO1 (IRP1); Western blotting was used to detect IRP1 and DMT1+IRE expression.
Construction of siRNA expression vectors for IRPs and
Statistical analysis
Results are presented as means ± S.E.M. Differences between means in two groups were compared using the unpaired-samples t test. One-way analysis of variance (ANOVA) followed by the Student-Newman-Keuls test was used to compare difference between means in more than two groups. Influx studies were carried out using two-way ANOVA followed by the Student-Newman-Keuls test; data are presented as means ± S.D. A probability of P < 0.05 was taken to indicate statistical significance.
